Abstract. The self-assembly process of G-wire DNA was investigated through scanning probe microscopy. Growth kinetics studies indicated the self-assembly process is diffusion limited and provides Poisson-like distribution of G-wire lengths upon reaching equilibrium. This evidence suggests that self-assembly is driven by thermodynamic processes. The average lengths of these molecules are around 100 nm long after 24 hours of growth. However, longer G-wire DNA molecules (many micrometers) are found both in flexible and crystalline forms. The latter structures are extremely interesting candidates for molecular nanowires.
INTRODUCTION
G-DNA is a polymorphic family of four-stranded structures containing guanine tetrad motifs (G-quartets) [1, 2] . Guanine rich oligonucleotides that are selfcomplimentary, as found in many telomeric (chromosome ends) repeat sequences, form G-DNA in the presence of monovalent and/or divalent metal cations. The atomic force microscope (AFM) and low current scanning tunneling microscope (LCSTM), high resolution, near-field, three dimensional imaging devices, were used to explore the growth of linear G-4 polymers. These "G-wires" [3] are speculated to form by the self-assembly of the telomeric oligonucleotide sequence d(GGGGTTGGGG) also called d"Tet1.5" monomers ( Fig. 1) . One of the exciting early observations was the topographic difference between G-wire and duplex DNA (Fig. 2) . Whereas duplex DNA tends to collapse on the surface of mica, G-wire DNA appears to hold its shape [4] . Hydration low current scanning tunneling microscopy [5] has provided evidence of semi-conductivity [4] . This stability may be the result the base stacking of G-quartets and caged monovalent cations [3, 6] (Fig. 3) . It is this stability, uniformity and long lengths that make G-wire DNA templates for molecular wiring [7, 8] . Little is known about the optimal conditions needed to construct long wires. This study attempts to develop baseline conditions for the growth of G-wire DNA, and estimates the equilibrium constant for multimers, in an effort better control the growth of "superstructures" (many micrometers long). a b FIGURE 1. The stability of the G-wire DNA is better understood through examination of the hypothesized growth mechanism. The Tet1.5 monomer can form a dimer pair with either a "closed", "looped", or "staggered" conformations as shown in Fig. 1a . In either of the closed or looped conformations no more growth of the G-wires can occur. In the staggered conformation another dimer can attach to the G-wire ladder creating a succession of "sticky ends", enabling multimers to assemble. The process is driven thermodynamically (see text). Monomeric cation species such as potassium or sodium are thought to help stabilize the G-wires down the base-stacked core of the structure as seen in Fig. 1b [3, 7] . The thymine groups may act as flexible links that can "bunch up" in solution or after adsorption onto a substrate.
FIGURE 2.
Topographic comparison between duplex and quadruplex "G-wire" DNA co-adsorbed onto the same substrate (Fig. 2a) . The duplex DNA collapses on the surface of mica to a height of 0.5 nm above the surface as seen in the cross section of Fig. 2b . Even the supercoiled segments of the double stranded DNA measure only about 1.0 nm above the mica substrate. This is about half the diameter expected from Watson-Crick duplex DNA in solution. However, the quadruplex DNA is uniformly about 2.2 nm in diameter, very close to the NMR and x-ray spectra of G-quartet DNA (2.4 nm in diameter.) Vertical height range is 10 nm from black to white. 
MATERIALS AND METHODS
Quadruplex G-wire DNA was prepared by according to the procedure outlined by Marsh et al. [3] . Temperature control of the G 4 T 2 G 4 monomers (Tet1.5) was maintained with a PCR Thermocylcer (Thermo Hybaid, U.K.). The solution is raised to 95°C for ten minutes to promote the melting of fortuitous G-4 structures, i.e. to ensure a cocktail consisting of monomers. Samples of the concentrated G-wire DNA (monomer concentration 1.0 mM) were diluted to a factor of 10 to 100 in a buffer consisting of 10 mM Tris (pH 7.6), and 1 mM MCl x , where M = sodium, potassium, magnesium or zinc. These samples were allowed to sit on Parafilm for ten minutes at room temperature and adsorbed onto freshly cleaved muscovite mica. The samples were then incubated on the mica between 0 to 10 minutes rinsed with 1 ml deionized water, dried in a stream of dry nitrogen and allowed to stabilize in a 37°C oven before imaging. Samples were imaged with 125 µm x 20 µm silicon nitride probes using a Nanoscope E controller (Digital Instruments, Santa Barbara CA) in contact mode in dry air. Fresh samples were imaged under ambient humidity using a Nanoscope IIIa controller in TappingMode™ and 75 µm long Tapping Tips. Freshly prepared G-wire
DNA was also imaged with a PicoSPM (Molecular Imaging, Tempe AZ) low current STM in humid air. Fig. 4 is an example of a concentrated G-wire network that was created by depositing a sample containing a concentrated 24 hour-old G-wire solution onto freshly cleaved mica. The sample is rinsed and immediately imaged in TappingMode™ revealing an oriented network of G-wire strands over the surface of mica in Fig. 4a . The orientation affect is due to G-wire alignment with potassium vacancy sites on the surface of freshly cleaved mica (unpublished data). The density of the G-wire DNA appears to depend upon local variations of the mica surface. For example, imaging a region of the mica surface a millimeter away can provide results similar to Fig. 4c in which the G-wires are clearly separated. In Fig. 4b the same sample from Fig. 4a had been dried for 24 hours. Note that the G-wire DNA appears much narrower because of the dehydration of the hydration layer over the surface. The hydration layer is absolutely essential for imaging of the molecules via low current scanning tunneling microscopy (LCSTM) seen in Fig. 4c . Heim et al. [5] have called this form of LCSTM "hydration layer scanning tunneling microscopy" to account for the electrical conductivity over the sample's surface. (Fig. 4a ) and the same sample imaged by the same tip 24 hours later after drying in an oven at 37°C (Fig. 4b) . Note the preferential orientation is NOT a sample preparation artifact, e.g. due to rinsing. G-wires appear to align with the underlying potassium vacancy sites of the freshly cleaved mica substrate. Note the broadening of the G-wire structure due to hydrated residual buffer salts. After drying in an oven the Gwires appear much narrower and the buffer salts appear to distribute themselves in between the DNA strands. It is the freshly made, hydrated form of the G-wires, that are essential for low current scanning tunneling microscopy (LCSTM) imaging seen in Fig. 4c . This LCSTM image of G-wires freshly adsorbed on mica is recorded at 1pA tunneling current, -7V bias and 80% relative humidity in a sealed imaging chamber. Successful images of G-wires on mica occur most frequently on freshly prepared samples, high G-wire densities (but NOT G-wire "networks" as seen in Figs. 4a and b), and high concentrations of residual buffer cations. Note in this image sample there are pathways of tunneling current that does not require travel over the G-wires. These pathways are important for providing electron conduction from bias voltage source. Vertical height range is 10 nm from black to white.
RESULTS AND DISCUSSION
The proposed growth process is described in Fig. 5 . The Tet1.5 monomers are grown in a medium containing monovalent cations (either potassium or sodium) and 200 nm a b c divalent cations (typically magnesium). The monovalent cations appear to stabilize the G-wire internally by residing in the hole created by the four G-quartet envelope, also seen in Fig. 1b [6] . The divalent cations appear to stabilize the structure externally by residing between phosphate groups along the four-stranded backbone.
The monomers combine to form the ladder structure L 1 , or the staggered structure L 1 ', with associated equilibrium constants K 1 or K 1 '. The rate-determining step in the growth process of the G-wires is the generation of L 2 , an essential structure required for the growth of extensible G-quartet multimers. After the construction of L 2 the growth of longer wires is possible. Initially the concentration increase of L 2 is driven thermodynamically:
where the reaction quotient "Q" is defined by
Here "a L2 " is the activity of the dimer and "a L1 " is the activity of the monomer. The ratio of the activities is approximated by the ratio of their respective concentrations.
FIGURE 5. The self-assembly process initially is thermodynamically driven by the excess of ladder monomers L 1 and L 1 '. As the concentration of dimers (L 2 ) reaches equilibrium with the monomers, the process of growing larger G-wire structures is driven by the excess numbers of dimers and monomers compared to the smaller concentrations of multimers (L n ). Characterization of the equilibrium constant for different length molecules involves the product of the equilibrium constant of the different length multimers. Complicating the growth process even more is the caged metal ions, sodium and or potassium. Incorporation of potassium leads to a more uniform spread of smaller G-wire DNA, whereas incorporation of sodium leads to a greater distribution in G-wire lengths.
Caged metal cation of K, or Na
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The free energy initially drives formation of the dimers because the concentration of L 2 , and thus Q, is zero. Consequently DG is large and negative (spontaneous assembly). The system rapidly seeks to reach equilibrium between dimers and monomers. Eventually the concentration of L 2 increases sufficiently that the system approaches equilibrium and the growth of longer wires is thermodynamically driven by the incorporation of dimers into the lower concentrations of multimers (Fig. 5) .
The formation of dimers is always spontaneous because of the competition between polymerization into multimers with decomposition into L 1 or L 1 '. The total selfassembly equilibrium constant, K eq , can be expressed as a product of all the individual equilibrium constants for a given length G-wire multimer L n :
where the last approximation is the result of assuming the concentrations of Tet1.5 and L 1 are about the same.
If the model is accurate we would expect to see a Poisson-like distribution of Gwire DNA lengths, with a greater number of smaller length G-wires compared to longer structures. Furthermore, if the process is diffusion limited by the concentration of monomers interacting with multimers we would expect a comparison of length versus time to behave in a square root of time dependence. Both of these features can be seen in Fig. 6 . In the time study presented in Fig. 6 the mean length <L> of the empirically determined growth rate is:
where "t" is time in days. The appearance of short wires happens almost immediately at the concentrations undertaken in this study, i.e. 1.0 mM Tet 1.5 monomer (Fig. 6a) . Attempts to resolve mean lengths at smaller time scales (seconds) always yield short length G-wire DNA. At 5 to 10 nm resolution with our best SPM probes, the initially measured average of 28 nm is well within resolution limits. As mentioned in the sample preparation procedure, the melting of fortuitous G-quartet structures through initial heating does not appear to generate a zero elapsed time, zero G-wire length. We speculate that growth of the multimers takes place extremely fast in a variety of growth conditions. Samples of the Tet 1.5 monomer taken from melting temperatures and imaged by the SPM have yielded no G-wire structures.
In Fig. 6b we find the common Poisson-like distribution of G-wire lengths from samples allowed to self assemble for several weeks. Under these conditions the mean length is approximately 73 nm in a potassium rich mixture. With each L 2 half-length of about 1.55 nm this corresponds to an average length multimer L n of n = 47. Depending on growth conditions as much as 25% of the mixture remains as Tet1.5 oligonucleotide [4] . Each Tet1.5 oligo has molecular weight 3180 g/mole. The frequency distribution of G-wire lengths in Fig. 6b provides us with relative concentration of average G-wire lengths of 23%. If we assume this concentration reflects the relative amount of monomers tied up in the mean length multimer, then we can estimate the concentration of L n for n = 47: The estimated equilibrium constant greatly favors the growth of the wires. The fact that G-wires appear to self-assemble into smaller average lengths is challenging for the purposes of determining their macroscopic electronic characteristics. This is, large wires facilitate macroscopic electronic characterization. Curiously, diluting G-wire DNA samples with either growth or imaging buffers does not appear to greatly affect the average length of the molecules. From a thermodynamic growth standpoint, dilution should result in disassembly of the Gwires. However, dilution of samples to 1/1000 of their initial concentrations only reduces the density over the mica surface. The reason for this behavior is still being investigated.
G-wire Superstructures:
Occasionally, as seen in Figs. 7-9 , G-wire superstructures are observed. They have appeared in three different forms -helices, ribbons and tubes (G-wire DNA) [6] . Fig.  7 includes two examples of flexible G-wire loops, similar in shape and size to plasmid DNA. If not for the fact these structures retain a minimum diameter of 2.2 nm when imaged in dry air, i.e. the diameter of G-wire DNA, contamination of the sample might be suspect. Double stranded DNA collapses on the surface of mica due to interactions between the substrate and the DNA [4] . The four-stranded G-wire DNA has always maintained its integrity on the surface of mica in dry air. The G-wire loops might be kinetically stable because, by self-assembling into a closed structure, disassembly is discouraged. There is no "end" on a closed loop for the ladder building blocks to vacate. The conditions under which such long structures develop, when the surrounding solution contains only smaller 100 nm length G-wire DNA, is still under investigation.
G-wire Growth Study

FIGURE 7.
Interesting structures sometimes emerge including these examples of loops of single and multiple stranded G-wires. These results are found with numerous smaller G-wires surrounding the immediate vicinity as seen in the two examples provided here. We speculate that looped G-wire structures are stable against disassembly after dilution and rinsing by virtue of continuity. G-wires tend to maintain an average length much smaller than the contour lengths of the loops shown here. Multiplestranding of G-wire DNA is common as seen in and Figs. 8 and 9, a result that is surprising in view of the strong electrostatic repulsion that is expected from the four strands of phosphate backbones on each G-wire. Vertical height range is 10 nm from black to white.
Flexible 1-D crystals have been found on occasion as show in Fig. 8 . Fig. 8a provides a glimpse of a typical surface of mica inundated with G-wires approximately 100 nm long. Only the bright patch near the center of the image provides a hint of the longer structures found on the same surface a few hundred micrometers away. These spaghetti-like structures are several micrometers long, the kind of lengths of interest for electronic characterization. Two forms of evidence that these are G-wires are diameters over 2.2 nm or larger (larger presumably due to multiple wraps of the Gwires) and alignment of some segments of the structures with the mica substrate (arrowed regions on Fig. 8b ). This alignment has been associated with the potassium vacancy-sites of the mica substrate (unpublished results). The sharp bends in these structures (arrowed regions), is suggestive of flexible one-dimensional crystals.
Evidence for more rigid structures is seen in Fig. 9a and 9c. Alignment with the potassium vacancies in the mica substrate is strongly evident in these pictures. The hexagonal arrangement of the potassium vacancies demands orientation at 60°i ntervals, as seen in these images. Unlike Fig. 8 , the structures in Fig. 9 are rigid. Furthermore they appear to be multi-layered (Fig. 9b) , as seen in the cross section image of Fig. 9a Since these structures are much wider than the artificial broadening generated by finite tip geometry, with width could be explained by parallel packing of the ladder structures. A lattice match with the ladders and the potassium vacancy sites of the mica substrate (1.04 nm) would create a surface that the ladder DNA could also adsorb to, i.e. create multiple layers of ladder G-DNA. Note in Fig. 9c that flexible strands of G-wire DNA are also seen aligning in the same direction as the crystalline structures.
FIGURE 8.
Two successive images from the same sample can be seen baring G-wires of the typical 200 nm length in the top image, and extremely long (hundreds of micrometers), spaghetti-like structures in the bottom image. Note the arrows in the bottom image indicating kinked regions of the spaghettilike structures, and that the alignment of the straight lengths all are in the same direction. This orientation effect is a common feature of G-wire DNA (unpublished data). The diameter of these long structures (as measured by the height above the surface) is measured to be integrals of 2.2 nm. The latter is the diameter of the G-wire DNA as measured by SPM and other techniques [1, 2] . This combination of evidence suggests that G-wire DNA under the right conditions can form onedimensional crystals.
G-wire DNA makes an interesting candidate for molecular nano-circuitry because of the long lengths and narrow dimensions. Rinaldi et al. [7] undertook experimental investigation in which ribbon-like guanine structures (presumably like Fig. 8 below) were part of a metal -semiconductor -metal photodetector. I-V curves indicated "striking" semi-conductor behavior. Calzolari et al. [8] subsequently made first principle theoretical calculations that tube-like G-wire DNA should have semiconductor-like behavior. Future research in our lab will focus on determining the conditions needed to create long wires and molecular networks.
1.00 µm a b FIGURE 9. More evidence of one-dimensional crystal behavior can be seen in this panel of images. In Fig. 9a one-dimensional crystals are seen oriented at three 60° angles, orienting themselves with the underlying potassium vacancies in the surface of mica (unpublished data). Contact AFM image taken in dry air with a vertical height scale of 10 nm from dark to light. The black line through the crystal is a cross section described in Fig. 9b . This cross section indicates the different heights of the crystals, which form three distinct layers of heights 1.4 nm, 2.2 nm and 3.6 nm tall (each ±0.2nm). The height of the middle layer is exactly the average diameter of G-wire DNA as observed by SPM techniques, and the bottom layer is approximately 1/2 this diameter, the top layer is 3/2 this diameter. Fig. 9c is a deflection image example of the purported crystalline of G-wires, indicating the long lengths that these structures can attain (over a micrometer long). Note the arrowed flexible G-wire DNA segments in Fig.  9c and their alignment with the crystals, evidence of the lattice match with the underlying potassium vacancies of mica, and indirect evidence of the similar nature of the crystalline and flexible structures on the same surface.
